In our screening program for antioxidants with 1,1-diphenyl-2-picrylhydrazyl (DPPH)-radical scavenging activity, two novel compounds, demethylbisorbibutenolide (1) and trichopyrone (2), were isolated from the fermentation broth of the fungus of USF-4860 strain isolated from a soil sample. The structures of these compounds were determined from spectroscopic evidence. The biosynthetic origin of the carbon atoms of 2 was unambiguously determined by feeding experiments using 13 C-labeled precursors and elucidation of the 13 C-NMR spectrum of 13 C-labeled 2. These studies showed that 2 was derived from five acetates and a methyl group of methionine. In the DPPH-radical scavenging assay, 1 and 2 gave ED 50 values of 149 and 167 M after standing for 2.0 hr. Compound 2 reacted with the DPPH radical to form reaction product 3 which was determined to be 1-[4-(3,4-dihydro-3-methyl-6-{1,3-pentadienyl}-2,4-dioxo-2H-pyran-3-yl)-phenyl]-1-phenyl-2-picrylhydrazine from spectroscopic evidence.
It has recently been reported that various diseases including inflammation, 1) carcinogenesis, 2) and atherosclerosis 3) were associated with free radicals. It is a major deterioration factor in the food industry that lipid peroxidation is induced by free radicals during the processing and storage of foods. 4) These facts have resulted in many antioxidants, including radical scavengers, being isolated from natural sources.
In the course of our screening program for free radical scavengers by detecting the radical scavenging activity of the DPPH radical, 5) we have isolated twelve sorbicillinoids and bisorbicillinoids, [6] [7] [8] [9] [10] [11] [12] including eight novel radical scavengers, from the fermentation broth of Trichoderma sp. USF-2690 strain. The interesting chemical structures of bisorbicillinoids prompted us to search for novel bisorbicillinoids. They were also expected to have similar DPPH-radical scavenging activity to bisorbicillinoids which we had already isolated. In order to search for novel bisorbicillinoids, we have focused on the USF-4860 strain, very similar to the USF-2690 strain in cultural characteristics, which was newly isolated from a soil sample collected in Shizuoka City (Shizuoka, Japan). Our continuing investigation to find new bisorbicillinoids from the fermentation broth of the strain resulted in the isolation of two novel compounds, named demethylbisorbibutenolide (1) and trichopyrone (2) . In this paper, we describe the cultivation of USF-4860 strain, the isolation, structural determination and bioactivities of 1 and 2, the reaction product of 2 and DPPH, and the biosynthesis of 2.
The USF-4860 strain was incubated on a reciprocal shaker for 3 days at 30 C in the medium described in the experimental section. The culture filtrate was adjusted to pH 3.0 with HCl and then extracted with the same volume of ethyl acetate. The organic layer was concentrated in vacuo to give a crude extract. DPPHradical scavenging compounds 1 and 2 were finally isolated from the crude extract by repeated Sephadex LH-20 column chromatography (25 Â 900 mm), using CH 3 OH as an eluent, and preparative HPLC (Capcell pak C 18 SG120 [15 Â 250 mm], Shiseido), eluting with CH 3 CN/0.15% KH 2 PO 4 [pH 3.5] (4/6).
The molecular formula of 1, a yellowish amorphous powder was established as C 27 H 30 O 8 from the HR-FAB-MS spectral data. The characteristic absorption bands at 3440 and 1740 cm À1 in the IR spectrum suggested that 1 possessed hydroxyl groups and carbonyl moieties.
The 1 H-and 13 C-NMR spectra of 1 in CD 3 COCD 3 (Table 1) were similar to those of bisorbibutenolide 7) (bislongiquinolide) 13) which we have isolated from Trichoderma sp. USF-2690 strain as a DPPH-radical scavenger, but lacked signals due to a methyl group which existed in those of bisorbibutenolide. In the 1 H-NMR spectrum, a methine proton signal ( H 3.35) was newly observed, and in the 13 C-NMR and DEPT spectra, instead of a quaternary carbon signal, a methine carbon signal ( C 63.2) was observed. The difference in molecular formula between 1 and bisorbibutenolide was CH 2 . Therefore, we speculate that 1 was demethylbisorbibutenolide.
By analyzing the 1 H-1 H COSY, HMQC and HMBC spectra for 1, its structure was determined as shown in Fig. 2 . Compound 1 was a novel compound and was identified as 4-demethyl bisorbibutenolide. It is named demethylbisorbibutenolide.
The molecular formula of 2, a yellowish amorphous powder, was established as C 11 H 12 O 3 from the HR-FAB-MS spectral data. The characteristic absorption bands at 3400 and 1660 cm À1 in the IR spectrum suggest that 2 possessed a hydroxyl group and a carbonyl moiety.
The 1 H-NMR spectrum of 2 in CD 3 OD ( , and one quaternary carbon ( C 99.0). Further structural elucidation was done through the elucidation of the HMBC spectrum of 2. The cross peaks between 3-CH 3 ( H 1.88) and C-2 ( C 166.4), C-3 ( C 99.0) and C-4 ( C 166.7), between 5-H ( H 6.03) and C-3, C-4, C-6 ( C 157.1) and C-1 0 ( C 119.8), between 1 0 -H ( H 6.06) and C-6, and between 2 0 -H ( H 6.99) and C-6. The (C-2)-O-(C-6) connection was determined from the molecular formula and IR spectrum of 2. Finally, the structure of 2 was elucidated to be 4-hydroxy-3-methyl-6-((E,E)-1,3-pentadienyl)-2H-pyran-2-one, designated trichopyrone (Fig. 3) .
The origin of each carbon in 2 was investigated from the 13 C-NMR spectra of 13 C-enriched trichopyrones which were obtained from the culture broth of the USF-4860 strain by feeding experiments using 13 C-labeled precursors. The feeding experiment using sodium [1-13 C] acetate gave 2 with five 13 C-enriched carbons (C-2, C-4, C-6, C-2 0 and C-4 0 ) in the 13 C-NMR spectrum. The incorporation pattern suggested that five acetates, combined in the classical head-to-tail manner of fatty acids and polyketides, were incorporated in 2.
The C-3 methyl carbon of 2 was not enriched with sodium [1-
13 C] acetate. In order to establish an extra C1 unit, a feeding experiment using L-[methyl-
13 C]-methionine was performed. In the 13 C-NMR spectrum of 2 obtained by feeding L-[methyl-
13 C]-methionine, high enrichment was observed for C-3 as shown in Table 3 . The results obtained from these feeding experiments with
13 C-labeled precursors demonstrated that 2 was derived from a pentaketide intermediate obtained by head-to-tail condensation of five acetate units, and that the 3-methyl carbon of 2 was derived from the methyl group of methionine. Hence, the origin of all the carbon atoms of trichopyrone (2) had been established and could be summarized as shown in Fig. 4 .
Demethylbisorbibutenolide (1), trichopyrone (2) and BHT were submitted to a DPPH-radical scavenging activity assay. 5) After standing for 0.5 hr, BHT revealed an ED 50 value of 27.7 mM, while 1 and 2 could not give any ED 50 values at a dosage below 200 mM. After standing for 2.0 hr, the ED 50 value for 1 and 2 had reacted 149 and 167 mM, respectively, in a time-dependent manner. Compounds 1 and 2 demonstrated weak efficacy in this assay, in comparison with other sorbicillinoids and bisorbicillinoids. [6] [7] [8] [9] [10] [11] [12] The chemical structure of the non-radical termination compound in the DPPH-radical scavenging reaction can provide important information for understanding the DPPH-radical scavenging mechanism. To isolate the reaction product of 2, we next reacted 2 with the DPPH radical in an ethanol solution, and a reaction product (3), was obtained as a reddish-brown powder after purification by reversed-phased MPLC.
The molecular formula of 3 was established as C 29 H 23 N 5 O 9 on the basis of the HR-FAB-MS spectral data and suggested that 3 was an adduct of 2 (C 11 H 12 O 3 ) and DPPH (C 18 H 12 N 5 O 6 ). The 1 H-and 13 C-NMR spectra of 3 indicated that its structure was the adduct of 2 and DPPH, and that 3 had a ketone carbon (C-4), a sp 3 quaternary carbon (C-3) and a hydrazine moiety, instead of a hydrazyl one. By analyzing the HMBC spectrum for 3, it was revealed that C-3 of 2 bonded with C-4 0 of one of two phenyl groups of DPPH; cross peaks existed between 3-CH 3 ( H 1.80) and C-2 ( C 170.2), C-3 ( C 60.8), C-4 ( C 192.4) and C-4 0 ( C 135.1), and between 3 0 -, 5 0 -H ( H 7.22) and C-3. Consequently, the structure of 3 was 1-[4-(3,4-dihydro-3-methyl-6-{1,3-pentadienyl}-2,4-dioxo-2H-pyran-3-yl)-phenyl]-1-phenyl-2-picrylhydrazine.
The structure of 3 indicated that 2 reacted with the DPPH radical at the C-3 position. We have previously reported that 4-hydroxy-3,6-dimethyl-2H-pyran-2-one, isolated from the fungus USF-2550 strain, also reacted with the DPPH radical at the C-3 position. 14) Thus, it was suggested that the compounds with the -C(=O)-C(CH 3 )=C(OH)-partial structure (C2-C3-C4 in 2) reacted with the DPPH radical in an ethanol solution to form an adduct at the C-3 position. The yield of 3, the reaction product between 2 and the DPPH radical in a solution, was low, although the reaction mixture seemed to contain only four compounds, 2, DPPH, DPPH hydrazine and 3, by a HPLC analysis. Studies on the reaction mechanism by a detailed HPLC analysis are now in progress.
In conclusion, we isolated two novel DPPH-radical scavengers from USF-4860 (1 and 2) named demethylbisorbibutenolide and trichopyrone, respectively, and elucidated the biosynthetic origin of the carbon atoms of 2, and the structure of the reaction product between 2 and the DPPH radical.
Experimental
Chemicals. DPPH, BHT and the other reagents were analytical-grade products from Wako Pure Chemical Industries (Osaka, Japan).
Labeled compounds. Sodium [1-
13 C] acetate (99 atom % 13 C) and L-[methyl-13 C]-methionine (99 atom % 13 C) were purchased from Fluka (Buchs, Switzerland) and Sigma-Aldrich Corporation (St. Louis, MO, USA), respectively.
Instruments. Spectroscopic measurements were taken with the following instruments: a Jeol Alpha-400 spectrometer (NMR), a Hitachi 270-50 infrared spectrometer (IR), a Shimadzu UV-160A spectrometer (UV and visible spectra), Jeol JMS-700 spectrometer (FAB-MS), and Horiba SEPA-200 high-sensivity polarimeter (optical rotation). MPLC was performed with a Yamazen BLPC-600-FC chromatograph connected to a YMC ODS-AQ 120-S50 column (25 Â 340 mm), and HPLC was carried out with a Jasco PU-980 pump connected to a Jasco UV-970 spectrometer (370 nm or 254 nm) and to a Shiseido Capcell pak C18 SG120 column (4:6 Â 150 mm or 15 Â 250 mm) or a Wakosil-II 5C18 HG column (7:5 Â 250 mm). Ã Enrichment ratios are respectively relative to the intensity of the 3-CH 3 carbon signal on sodium [1- Isolation of demethylbisorbibutenolide (1) and trichopyrone (2) . The culture filtrate (20.0-liter) adjusted to pH 3.0 with HCl was extracted with the same volume of ethyl acetate. The organic extract (4.5 g) concentrated in vacuo was subjected to Sephadex LH-20 column chromatography (25 Â 900 mm), eluting with CH 3 OH, to obtain two desired fractions. The demethylbisorbibutenolide (1) fraction and trichopyrone (2) fraction were each concentrated in vacuo. The fraction containing 1 was applied to LH-20 column chromatography once again, using CH 3 OH as the eluents and subsequently to preparative HPLC under the following condition: column, Capcell pak C 18 SG120 (15 Â 250 mm, Shiseido); solvent system, acetonitrile-0.15% KH 2 PO 4 (pH 3.5) (4:6); detection, UV at 370 nm; flow rate, 10.0 ml/min. The fraction containing 2 was also purified by preparative HPLC under the same conditions. Two yellowish active compounds, 1 (4.0 mg) and 2 (8.7 mg), were obtained. Table 2 .
Measurement of the DPPH-radical scavenging activity. The ethanol solution of the sample (1 ml) was mixed with a 0.5 mM DPPH ethanol solution (0.5 ml) and 0.1 M acetate buffer (pH 5.5; 1 ml). After standing for 0.5 hr and monitoring for 1.0 and 2.0 hr, the absorbance of the mixture at 517 nm was measured. The ED 50 value was determined as the concentration of each sample required to give 50% of the absorbance shown by the blank test.
Reaction between 2 and DPPH in a solution. Compound 2 (30.1 mg) and DPPH (123.0 mg) were dissolved in ethanol (50 ml), and the solution was stirred under dimmed light at room temperature. After standing for 24 hr, the reaction mixture was concentrated in vacuo. The concentrate (150.4 mg) was subjected to reversedphase MPLC under the following conditions: column, YMC ODS-AQ 120-S50 (25 Â 340 mm); solvent system, acetonitrile-0.15% KH 2 PO 4 (pH 3.5) (7:3); detection, UV at 254 nm; flow rate, 15.0 ml/min. A 6.9-mg amount of 3 was obtained. Table 3 .
Reaction product (3)
Preparation of labeled trichopyrone (2) . The fungus was cultivated in six 0.5-liter flasks each containing 100 ml of the same medium, and ten milligrams of sodium [1- 13 C] acetate or L-[methyl-13 C] methionine was then added to each flask, after 28 hr and 48 hr, respectively. Cultivation was continued for a further 24 hr after feeding the 13 C-labeled precursor. The labeled trichopyrones were purified by using the same isolation procedure as that for trichopyrone, and 1.6 mg and 1.5 mg of 13 C labeled 2 were respectively obtained.
